The effects of long -term exposure to air pollution on respiratory symptoms and respiratory hospitalization ( for asthma, bronchitis or pneumonia ) were assessed in a cross -sectional study of children ( ages 7 ± 11 years, N = 667 ) living in a moderately industrialized city in Central Slovakia. Individual health, residence and family history data obtained through the CESAR study were coupled, using Geographic Information System ( GIS ) technologies, with total suspended particulate ( TSP ) exposure estimates derived from dispersion modeling of almost all local stationary sources. These data were used to assess, at the intra -city level and child -specific level, the potential for TSP as a risk factor for respiratory disease in children. TSP, PM 10 , and PM 2.5 monitored ambient concentrations are highly correlated in the study location. Modeled TSP concentrations resulting from local source emissions are dominated by a large wood processing facility, suggesting variation in exposures among children. The prevalence of respiratory non -asthmatic symptoms and hospitalizations was associated with increased TSP. No association between long -term exposure to TSP and asthma diagnosis or wheeze symptoms was found. Logistic regression modeling indicated a significant increase in hospital admissions for asthma, bronchitis or pneumonia associated with increasing air pollution ( OR 2.16, CI, 1.01 ± 4.60 ) , doctor -diagnosed bronchitis ( OR 1.53, CI, 1.02 ± 2.30 ) , and parent -reported chronic phlegm ( OR 3.43, CI, 1.64 ± 7.16 ) , expressed as odds for a 15 g / m 3 increase in estimated TSP exposure, and these increases are not due to differences in socio -economic, health care or other identified factors.
Introduction
A large number of epidemiological studies from throughout the world have suggested relationships between short -term exposure to particulate matter (PM ) and increased mortality, hospital admission, medication use, respiratory symptoms and reduced pulmonary function ( see U.S. EPA, 1996 ) . A limited number of studies suggest that long -term exposure to PM has adverse effects on respiratory health ( Euler et al., 1987; Schwartz, 1993; Abbey et al., 1995 ) . Few studies have focused on children. In recent studies, Dockery et al. ( 1996 ) found increased bronchitis in children aged 8 ±12 years related to fine particle sulfates in a study of 24 North American cities. Braun -Fahrlander et al. (1997 ) found increased bronchitis, chronic cough, and wheeze related to PM 10 , NO 2 , and SO 2 , with the strongest relationship for PM 10 in 6 ±15 -year-old children living in 10 communities with moderate pollution levels in Switzerland. Goren et al. (1999 ) found decreased lung function among 7± 13-year-old children living in a community with many more total suspended particulate ( TSP ) pollution sources than a nearby comparison community. Studies of the effects of long -term exposure to PM and other major air pollutants were recently identified as an area of critical importance not sufficiently addressed by current research programs (NRC, 1999 ) .
A Slovak ± U.S. collaborative project was created to study environmental factors affecting the respiratory health of children by using advanced Geographic Information System (GIS ) methods, new data on emissions sources and ambient monitoring, and building on data collected as part of the Central European Study on Air pollution and Respiratory health (CESAR) study of air pollution and respiratory disease in children living in Bulgaria, Czech Republic, Hungary, Poland, Romania, and Slovakia. The main hypothesis of the present study is: Elevated long -term exposure to ambient air pollution is associated with increased prevalence of respiratory symptoms and disease in children.
Methods
In this study, the recruitment of subjects, collection of questionnaire information and ambient air monitoring methods were developed and applied as part of the CESAR study (CESAR, 1998; Fletcher et al., 1999; Pattenden et al., in press; Leonardi et al., submitted ) . The CESAR study included uniform collection of lifelong child and family respiratory health histories, household and socio -economic characteristics, and air monitoring data from 25 Central European cities of widely varying air pollution conditions. The CESAR goal was to assess, through a cross -sectional epidemiological study aggregating responses at the city level, identification of air pollution as a risk factor for respiratory disease in children. In the present study, data from one of the CESAR cities are coupled with TSP exposure estimates using GIS technologies to assess, at the intra -city level and child -specific level, the potential for identification of TSP as a risk factor for respiratory disease in children.
Site Characteristics
Banska Â Bystrica is a moderately industrialized city of 85,000 in Central Slovakia. The city center extends along the Hron River (300 m above sea level ) with up to 1300 m mountains located to the north, south, and east of the city center. The population is distributed throughout the city center in homes and apartment buildings of up to eight stories.
Major industries include a large wood processing facility near the city center and a cement plant located 4 km from the city center. Local heating sources rely primarily on natural gas. NO x emissions were largely due to mobile sources distributed throughout the city center and local heating. SO 2 emissions were generally low and from small sources such as individual houses burning coal and from traffic. PM emissions were dominated by several point sources at the wood processing facility, with low NO x and SO 2 emissions from this plant. This source has been in operation for many decades at a relatively uniform level and due to the importance of this facility to the citywide PM inventory, the emission characteristics were confirmed with the facility.
The Banska Â Bystrica central city site was selected on the basis of the CESAR criteria: no major changes in air pollution level in the last 5 years, presence of a measurement site of an existing air quality monitoring network, a relatively homogeneously exposed population, more than 1500 primary school children in studied grades and a relatively low rate of migration.
Exposure Estimation
Ambient monitoring data (PM 10 , PM 2.5 ) were collected as part of the CESAR protocol at one site near the town center using standard methods during a 1 -year monitoring program in 1996 ( Hoek et al., 1999 ) . Additional ambient monitoring of total suspended particulates (TSPs ), SO 2 , and NO x was conducted by the Slovak Hydrometeorological Institute (SHI ) at a nearby site in the center of Banska Â Bystrica, approximately 500 m from the CESAR site (SHI, 1992 (SHI, ± 1996 . Meteorological data for 1996, including wind speed and direction and stability class, were collected by SHI at a representative site within the city center, and were aggregated to generate an annual average wind speed and direction matrix and inversion data. Additional ambient temperature data to assess inversion frequency and intensity were collected from four sites located in the industrial, central, suburban, and nearby rural areas of the city ( Sotak, 1996 ) .
Data on air pollutants (PM, SO 2 , NO x ) emitted by local sources were collected by administration of a State Institute of Public Health questionnaire to all large-( > 50 MW ) and medium -size sources (0.2 ±50 MW ) having PM emissions > 1 mg /s in the study area (17 large, 134 medium sources ). Sources were identified using the Slovak National Emissions Inventory Registries ( REZZO ) . The response rate was 100% for large sources, 95% for sources 2 ±50 MW. Information collected included release parameters for each emission point (annual mass emissions, stack height, diameter, temperature, velocity ) and facility type and location. Emissions from small sources ( individual houses or apartments; < 0.2 MW ) were estimated for two homogeneous residential areas with local, rather than central, heating ( emissions calculated based on number of sources and consumption rate and type of fuel ). Emissions data for large sources included also a cement plant and a pharmaceutical company, located 4 and 9 km up valley from the city center, respectively.
To generate child -specific TSP exposure estimates, dispersion modeling of the PM emissions was conducted using U.S. EPA's Industrial Source Complex Ð LongTerm Model in the regulatory default options mode ( Szabo, 1995 ( Szabo, , 1997 U.S. EPA, 1995 ) . Each emission point of the 151 -point sources, and the two residential area sources were modeled using local meteorology for 1996 and outputs compiled to estimate annual average ambient concentrations (Szabo, 1999 ) . Source emission rates were treated as constant throughout the modeling period for each year. Ground-level concentrations were estimated assuming flat terrain; the central city terrain where the children reside is flat to rolling with some gentle hills. Concentrations were compiled at each 100Â100 m 2 grid point included in a 8500Â8500 m 2 receptor grid covering the city. The concentration for each grid square was calculated as the average concentration of the grid points for that square. The residence of each child falling within a square was assigned this average concentration; thus, the exposure estimate is residence-based for each child. Long -range transport and background concentrations were not considered and childspecific personal monitoring and activity pattern data were not available; thus, the outputs are incremental concentrations above background from stationary source emissions.
All collected data were integrated into a GIS. A digital vector model of the town street system was created including air monitoring sites, pollution sources, schools and topography. The graphical features were derived from serial photos ( after orthophoto processing, with precision 0.5 m per point ). The street line system, and the air monitoring sites were validated by ground truth measurements using Global Position System (GPS ) equipment with Differential GPS corrections. Address matching technology was implemented and the street line system was associated with children's home addresses, corrected with locations of buildings from the serial photos. Study subjects were thereby represented as points at their residence locations, and possibly linked to their school attended. The dispersion model output concentrations were included as model layers based on alignment of the output grid system with the vector model of the town. Pollutant concentration for each point representing residence location of a study subject was derived from estimated concentration within the 100Â100 m 2 output grid system. Pollutant exposure was calculated assuming the same indoor and outdoor concentrations, and analyzed to assess associations with health outcomes. The model was developed in ArcInfo v. 7.0 and implemented in ArcView v 3.1 (ESRI, Redlands, California, USA ).
Questionnaire Data
A questionnaire -based survey using the CESAR instrument was conducted in the central area of Banska Â Bystrica in February 1996. Questionnaires were distributed through schools to children between 7 and 10 years of age, living and attending school within the study area, and completed by a parent or guardian who provided consent to participate.
The questionnaire consisted of seven parts: (1 ) general data ( age, sex, complete address, person completing ); ( 2) child's respiratory health data ( see below ) ; ( 3) family's health (mother's, father's and sibling's respiratory health history and allergies) ; ( 4) child's general data ( identification of parity, birth weight, perinatal complications, nutrition and exercise patterns, day care history ); ( 5) house and smoking characteristics (including number of years child lived in house, prior addresses and period during which child lived in other houses, type of house, number of rooms, number of people in house, maternal smoking during pregnancy, mother's, father's and someone else smoking at present and amount smoked in house, paternal smoking history including amount smoked in house, type of heating and cooking system, presence of moisture stains or molds in house ever in life of child, presence of pets with fur or feathers in house ever ); ( 6) socio -economic characteristics ( mother's and father's education and occupation, car ownership, state benefits ) ; and (7 ) health care data (CESAR, 1998; Fletcher et al., 1999 ) . Data management and validation were conducted using CESAR manuals and quality assurance /quality control protocols (CESAR, 1998 ) .
Respiratory Health Data
Questions about respiratory symptoms were based on cough items from the World Health Organization questionnaire on chronic airflow limitation in children (Florey and Leeder, 1982 ) and wheeze items from the ISAAC questionnaire on asthma in children ( Asher et al., 1995 ) . Questions about chronic bronchitis symptoms included chronic cough defined as: usual cough in the morning in autumn± winter season, usual cough during the day or night in autumn ±winter season, or cough for at least 3 months consecutively in the last autumn ±winter season, and chronic phlegm defined as usual congestion in chest or coughing up phlegm other than with cold. Questions about asthmatic symptoms included wheezing or whistling in the chest ever during life of the child, or attacks of shortness of breath with wheezing ever. Respiratory diseases diagnosed by physician included separate questions on bronchitis ever during life of the child, asthmatic, spastic, or obstructive bronchitis ever, asthma ever, and pneumonia ever. Because of the common use of diagnostic categories of asthmatic, spastic, or obstructive bronchitis, rather than diagnosis of asthma, in medical practice in Central and Eastern Europe, all of these were treated like asthmatic diagnoses in the analyses. Hospital admission was defined as admission to hospital ever during life of the child because of asthma or bronchitis or pneumonia.
Statistical Analyses
Logistic regression was used to estimate association between modeled TSP exposure and respiratory health outcomes. All data were used at the individual level; the models included age, sex, maternal education, number of smokers in house, presence of molds and moisture in house ever during lifetime of the child, and parental history of asthma or atopy. The statistical software packages, SAS (SAS Institute, Cary, North Carolina, USA ) and STATA (Stata, College Station, Texas, USA ), were used for the analyses.
Results
The ambient monitoring data were collected from two sites in close proximity and so are insufficient to evaluate spatial variation in TSP levels within the city. The monitoring data provide insights on the relationship between various TSP fractions and lifetime trends in TSP exposures for the children. Annual average monitored values in 1996, based on every -6-days monitoring, were 87 g/m 3 TSP (range 11± 204 g/m 3 ), 47 g/m 3 PM 10 (range 6 ± 122 g/m 3 ), and 34 g/m 3 PM 2.5 ( range 4 ± 102 g/m 3 ). TSP, PM 10 , and PM 2.5 ambient monitoring data showed significant correlations ( for PM 2.5 and PM 10 r = 0.97; for TSP and PM 2.5 r =0.73 ), with the ratio of PM 10 :TSP and PM 2.5 :TSP averaging 0.65 and 0.46, respectively. Though Slovakia underwent significant economic changes during the lifetime of the study subjects, the TSP levels have been relatively stable throughout this period with some lower values in the early 1990s and somewhat higher values in 1994 ± 1996 ( Figure 1 ) . The annual average temperature is 88C, with low winds (mean 1.5 m /s ) and very common temperature inversions (175 ±225 days /year ) .
A part of the spatial GIS model is shown in Figure 2 to illustrate the distribution of children's residences in the city center, air pollution sources, the city street system, and results of the dispersion modeling. Many children live in neighborhoods about 0.5± 1 km directly to the west and north of the wood processing facility, where highest incremental TSP levels were estimated, with a large number of children located several kilometers to the west from this facility where lower TSP levels were estimated. The estimated individual incremental annual average TSP exposure above background from stationary sources averaged 12 g/m 3 ( range 3 ±31 g/m 3 ) (Figure 3 ) . A total of 1005 children between 7 and 10 years of age, living and attending school within the study area, were invited to participate. Seven hundred nineteen questionnaires were returned (response rate 71% ) . Children with low birth weight and perinatal complications requiring intensive care unit treatment were excluded ( N =7 ), as were children living out of the study area ( N =7 ) and children with missing data on variables used in the statistical analysis showing residence location of study subjects ( in this figure, to protect confidentiality, study subjects were placed randomly within their 100Â100 m 2 grid square ) , roadways, and TSP concentrations to illustrate the spatial distribution of modeled TSP ( concentration ranges 10 ± 14, 15 ± 19, 20 ± 24, 25 ± 30 g / m 3 from lightest to darkest shade ) . Each square represents a 100 m 2 area.
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Childhood respiratory symptoms, hospital admissions, and long-term exposure to airborne particulate matter ( N =38 ). Overall, about half ( 49.3% ) of the children were comprised of boys and the mean age was about 9.2 years. About 32% were exposed to smoking at home, 24% reported moisture stains or molds in the home, 26% had a parent reporting respiratory symptoms, and 25% of the children's mothers had an education level of less than a high school diploma, and the prevalence of these factors varied somewhat by quartile of estimated TSP exposure ( Table 1 ) . Crude prevalence of asthma diagnosis averaged 3.9%; wheeze/ whistling, 10.6%; chronic cough, 24.9%; chronic phlegm, 5.1%; bronchitis diagnosis, 58.8%; pneumonia diagnosis, 13.0%; and hospital admission for asthma, pneumonia, or bronchitis, 5.4% (Table 2 ). These prevalences for children in Slovakia were similar for asthma, wheeze, and chronic phlegm, and higher for chronic cough and bronchitis, to the findings in a study of respiratory symptoms in children from 24 North American cities ( Dockery et al., 1996 ) . The prevalence of chronic cough, chronic phlegm, bronchitis, pneumonia, and hospital admission for asthma, pneumonia, or bronchitis increased with increasing estimated TSP exposure, while prevalence of asthma or wheeze /whistling showed no trend. Prevalence of hospital admission for asthma, bronchitis, or pneumonia increased from 3.0% to 9.0%, and physician diagnosis of Childhood respiratory symptoms, hospital admissions, and long-term exposure to airborne particulate matter Hruba Â et al.
bronchitis from 49.4% to 65.3%, from lowest to highest quartile of estimated TSP exposure (Figure 4 ) . In the questionnaire, the 38 children hospitalized had most frequent reporting of two diagnoses Ð bronchitis and pneumonia. Of the 92 children with pneumonia diagnosed by a doctor, a relatively low percentage (27% ) was actually hospitalized because of pneumonia.
Controlling for age, sex, maternal education, number of smokers in house, presence of moisture stain or molds in the residence, parental history of asthma or atopy, modeled TSP was significantly associated with bronchitis, hospital admission for asthma, pneumonia or bronchitis, and reporting of chronic phlegm (Table 3 ) . The adjusted odds ratio ( OR ) , expressed as odds for 15 g/m 3 increase in estimated annual TSP exposure above background from stationary sources, is 1.53 for bronchitis ( CI, 1.02± 2.30 ), 2.16 for hospital admission (1.01 ± 4.60) , and 3.43 for chronic phlegm ( 1.64 ±7.16 ).
Discussion
In this study, we evaluated the hypothesis that elevated long -term exposure to ambient PM is associated with increased prevalence of respiratory symptoms and disease in children. A cross -sectional design was used with a new method for exposure assessment, combining dispersion modeling with GIS techniques to estimate individual-level exposures of children to ambient particles and gases within one city (study area ) . These modeled exposure estimates were coupled with individual health data to evaluate the intra -city influence of air pollution on health.
Minimal intra -city variation in exposures to components of particulate air pollution is assumed in many inter-city cross -sectional epidemiological studies. Ambient particle measurements are typically used in these studies based on the assumption that a single ambient particle measurement adequately describes spatial variability in ambient concentrations within each of the study areas. Recent studies, however, have provided differing views regarding the importance of spatial variability. For example, a study conducted recently in the eastern Germany city of Erfurt suggested that intra -urban spatial variability may be greater than commonly assumed for PM 2.5 -associated aerosol sulfate and PM 10 , especially during periods of low wind speed and when the areas are affected by local emissions sources ( Cyrys et al., 1998) . In Erfurt, same -day differences between PM 10 monitors located about 2 km apart of 28% and between monitors located 4± 5 km apart of up to 40% were observed, and under conditions of low wind speed ( i.e., <1.5 m / s), correlations among monitors located 1 ±5 km apart were clearly weaker than on days with higher wind speed. Smaller (up to 20%), but significant, differences were found for the smaller size fraction (Cyrys et al., 1998 ) . These results indicate that spatial variation in PM within Erfurt is most strongly associated with larger size fractions under low wind speed conditions, which may reflect the influence of local emission sources. Knowledge of absolute pollutant concentration is important in crosssectional epidemiological studies ( Cyrys et al., 1998 ) . This is the case in inter-city studies when areas are selected at some long distance from one another and data from a single monitoring station in each area are used for the exposure variable. In the present study, intra -city variation in pollution was estimated, with the assumption that background levels due to long distance transport are constant over the study area, as indicated by WHO (1999 ) .
To evaluate spatial variation in air pollution in Banska Â Bystrica, we used dispersion modeling because the two local ambient monitoring stations are situated close together and therefore cannot be used to characterize spatial variation. The dispersion model provided an estimate of the long -term concentration increment from essentially all local stationary sources. Local mobile sources also contribute to ambient PM and copollutant levels. A study in the Netherlands of spatial variability in particulate concentrations has shown that PM 2.5 concentrations near a major road were 30% greater than at a background location not influenced by local traffic, and the authors concluded that information on concentrations near or in homes was needed to assess exposure of urban inhabitants to ambient particles (Janssen et al., 1997 ) . Limited traffic data are available for Banska Â Bystrica, but the absence of freeways and the presence of a relatively uniform network of primary and secondary roads within the city center suggest that a relatively uniform distribution of emissions from traffic may exist. As with other exposure estimators, dispersion modeling is also subject to uncertainty (Sexton et al., 1992 ) . Uncertainty in dispersion modeling results was evaluated in a recent study estimating SO 2 levels resulting from emissions from multiple industrial facilities in southeastern Georgia, USA (Rogers et al., 1999 ) . Rogers et al. conducted transport model uncertainty analysis and found very little difference in monitored versus modeled pollutant levels when using effective stack height in dispersion modeling. Use of effective stack height is common practice when the necessary stack parameters ( e.g., stack diameter, emissions stream temperature, flow rate or velocity ) are available, as was the case in the present study. Other uncertainties include assumption of constant emission releases over the year and use of a single meteorological station.
In Banska Â Bystrica, conditions are conducive to intracity spatial variation in TSP because a large wood processing facility dominates the local TSP emission sources and local meteorological conditions are not conducive to dispersion; no single facility dominates the NO x and SO 2 emissions. The local impact on ambient air of this wood processing facility, which has sawmill and finishing operations as well as combustion sources, is enhanced due to frequently stagnant meteorological conditions and the emission point characteristics (generally low stack heights and emission temperatures ). The numbers of days with inversions, low wind speeds, or fog conditions are all greater in the eastern sector of Banska Â Bystrica, where an industrial zone is located (including the TSP -dominating wood processing plant ) than in the southwestern sector of town (Sotak, 1996 (Sotak, , 2000 , the area where in the present study lower TSP concentrations were estimated. Further, air pollution levels are subjectively higher in the sector of town surrounding the wood processing facility ( Sotak, 2000 ) , but no data are available to quantify these observations. We estimated variation in TSP exposures among children living in different neighborhoods throughout the central city. The results indicate an increase in respiratory health symptoms and diseases except asthma and increased hospital admissions for asthma, bronchitis, or pneumonia with increased predicted TSP exposure. Though different exposure estimators were used, these results for bronchitis and asthma are consistent with reports from the Six Cities study (Ware et al., 1986; Dockery et al., 1989 ) and the 24 Cities study of 8± 12 -year-old children ( Dockery et al., 1996 ) . Dockery et al. (1996) found an increase in bronchitis related to fine particulate sulfates, but did not evaluate the more serious outcome of hospital admissions for respiratory illness, which was significant in the present study. Braun -Fahrlander et al. (1997 ) studied the impact of long -term exposure to PM 10 , SO 2 , NO 2 , and ozone on respiratory symptoms and illnesses in a cross -sectional study of 6± 15-year-old school children living in 10 different communities in Switzerland. These authors found that chronic cough, bronchitis, wheeze, and conjunctivitis symptoms were related to the various pollutants when controlling for family history of respiratory or allergic disease, parental education, passive smoking, indoor combustion, and other factors. In the present study, the role of SO 2 and NO 2 copollutants is uncertain since this study design requires spatial variation to elucidate effects relationships. There was little intra -city variation in SO 2 levels and there is less certainty about the NO 2 levels due to difficulty modeling the mobile source contribution.
In the present study, the coupling of individual-level health and exposure data required the estimation of intraurban spatial variability in exposure. Intra -urban spatial variability in air pollutants was shown in Erfurt using multiple monitoring stations (Cyrys et al., 1998 ) . In Banska Â Bytrica, existing ambient monitoring stations were not suitable to assess spatial variability; hence, dispersion modeling results and meteorological observations of intraurban differences in inversion conditions ( Sotak, 1996 ( Sotak, , 2000 were used. Evaluation of the presence and extent of intra -urban spatial variation in airborne PM, and the application of dispersion modeling with GIS tools to develop exposure estimates may best be accomplished through simultaneous collection of emissions, meteorological and ambient monitoring data ( with the monitoring network designed to assess spatial variability ).
The present study links questionnaire -based health data with dispersion -model -based exposure estimates within one city. GIS methods enable data integration and permit very high resolution analysis of patterns in health outcomes and environmental factors (Nyerges et al., 1997 ) . The study findings indicate particulate pollution producing respiratory illness at the intra-city level similar to that observed in studies using between -city level comparisons from the U.S., Canada, and Europe. The severity of outcomes is extended here to include hospital admissions for respiratory illness, an outcome not evaluated in other studies of the effects of longterm exposure to particulate pollution on children.
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